SnS 2 nanosheets with three atom thickness have previously been synthesized and it has been shown that visible light absorption and hydrogen evolution through photocatalytic water splitting are restricted. In the present study, we have systematically investigated the electronic structures of anionic monodoped (N and P) and codoped (N-N, N-P, and P-P) SnS 2 nanosheets for the design of efficient water redox photocatalysts by adopting first principles calculations with the hybrid HSE06 functional. The results show that the defect formation energies of both the anionic monodoped and all the codoped systems decrease monotonically with the decrease of the chemical potential of S. The P-P codoped SnS 2 nanosheets are not only more favorable than other codoped systems under an S-poor condition, but they also reduce the band gap without introducing unoccupied impurity states above the Fermi level.
Introduction
The search for sustainable and renewable energy has attracted extensive attention in the eld of materials science over the last few decades because of energy exhaustion and environmental problems. Hydrogen is one of the most excellent energy carriers, and hydrogen production through photocatalytic water splitting under sunlight irradiation is a clean and promising approach for solving the energy issues. [1] [2] [3] In order to make effective use of the visible light in the solar spectrum, the critical factor is that the photocatalyst should have suitable band gap and band edge positions. 4, 5 Therefore, band gap engineering is a signicant issue for optimization of photocatalytic performance.
Recently, two-dimensional (2D) materials, such as SnS 2 , [6] [7] [8] zinc oxide (ZnO), [9] [10] [11] CdS, 12 phosphorene, 13 graphitic carbon nitrides (g-C 3 N 4 (ref. 14) and g-C 6 N 6 (ref. 15) ), and transition metal dichalcogenides (TMDs), 16, 17 have attracted broad attention and have been widely applied in many elds because of their unusual properties. In particular, 2D materials with atomic thickness have two major advantages to promote the photocatalytic efficiency of water splitting, i.e. the larger surface areas available provide more photocatalytically active sites and shorter migration distance of carriers compared to bulk materials. Therefore, the use of 2D materials as photocatalysts has drawn tremendous research interest in both experiments and theoretical calculations for the design of high efficiency water redox photocatalysts. [18] [19] [20] [21] [22] Among them, SnS 2 with 2D structures including nanosheets, nanoparticles, and nanoplate, has been successfully synthesized in recent years. [23] [24] [25] For example, Sun et al. 24 have prepared monolayer SnS 2 with three atom thickness and reported that the visible light conversion efficiency can approach 38.7%, which is much higher than that of bulk SnS 2 . Wei et al. 25 have synthesized ultrathin SnS 2 nanosheets, and have indicated that the photocatalytic activity has been signi-cantly promoted because of the 2D sheet-like nanostructure. Zhuang et al. 26 have also investigated the photocatalytic properties of SnS 2 nanosheets, indicating that the overall water splitting can not spontaneously take place on the SnS 2 nanosheet because of the inuence of band edge positions (the valence band edge of the SnS 2 nanosheet is more negative than the water oxidation potential level (O 2 /H 2 O), while the conduction band edge is lower than the water reduction potential level (H + /H 2 )). Therefore, it is necessary to adopt several strategies to modify the electronic structure and band edge positions of the SnS 2 nanosheet. Recently, in order to tune the optical, magnetic, and electronic properties, the doping of foreign elements into semiconductors has been carried out in many studies. [27] [28] [29] For instance, Fe doped SnS 2 nanosheets exhibit excellent visible light absorption behavior, and the optical absorption coefficient in the visible region increases monotonically with the increase of Fe doping concentration. 27 Guo et al. 28 have investigated the properties of ZnO nanosheets by doping with nonmetal atoms, which exhibit a nonmagnetic-antiferromagnetic-ferromagnetic transition. An et al. 29 have prepared Cu-doped SnS 2 nanosheets and observed that the visible-light photocatalytic activity is much higher than that of pure SnS 2 nanosheets. However, monodoping usually introduces localized unoccupied states above the Fermi level, which accelerates the electron-hole recombination process. 30 Besides, some vacancies which can trap charge carriers may form in these systems due to the charge imbalance.
31 To overcome the above-described issues, the double-hole-mediated coupling of dopants has been found to be a promising strategy to enhance the visible light photocatalytic activity of semiconductor photocatalysts, such as SrTiO 3 38 have successfully synthesized N-P codoped anatase TiO 2 nanosheets and indicated that N-P codoping effectively reduced the band gap of TiO 2 nanosheets from 3.20 to 2.48 eV. To the best of our knowledge, there are no theoretical reports on the effect of anion-anion double-hole-mediated codoping on the photocatalytic activity of SnS 2 nanosheets.
In this work, by adopting density functional theory calculations, we have investigated if the anion-anion double-holemediated codoping of N-N, N-P, and P-P could effectively improve the photocatalytic activity and modify the electronic structure of SnS 2 nanosheets. The structural geometries, defect formation energies, defect binding energies, electronic structures, band-edge alignment and optical properties of doped SnS 2 nanosheets have been systematically investigated in our work. Finally, the effect of doping concentration on the electronic and optical properties of the SnS 2 nanosheet has also been explored.
Computational method and process
All calculations have been carried out using density functional theory (DFT) within the projector-augmented-wave (PAW) pseudopotentials 39 implemented in the Vienna ab initio simulation package (VASP). 40, 41 The exchange correlation interactions are modeled by the Perdew-Burke-Ernzerhof (PBE) 42 parameterization of the generalized gradient approximation (GGA). 43 The to obtain the optimized geometry congurations. The vacuum space of 15Å has been used to avoid interaction between the periodic images. The 3 Â 3 Â 1 and 5 Â 5 Â 1 MonkhorstPack 44 k-point meshes have been used for the structural relaxation and electronic properties calculations, respectively. The SnS 2 nanosheet has been constructed by a 3 Â 3 Â 1 supercell which contains 27 atoms. The calculated structural geometry of this supercell which has hexagonal structure is presented in Fig. 1 . For monodoped SnS 2 nanosheets, the nonmetal atoms (NM ¼ N, P) have been adopted by replacing one S atom in the middle of the SnS 2 nanosheet. For the N-N, N-P, and P-P codoped SnS 2 nanosheets, there are two possible congura-tions: (i) two impurity atoms are used to replace two S atoms which are respectively located at A and B sites (see Fig. 1 ); (ii) two impurity atoms are used to substitute two S atoms which are located at A and C sites, respectively. In our work, we refer to them as N-N(i), N-P(i), P-P(i), N-N(ii), N-P(ii), and P-P(ii). Due to the PBE function having an underestimation of the band gaps of semiconductors, the Heyd-Scuseria-Ernzerhof (HSE06) 45, 46 hybrid functional, which is a more accurate and time-consuming approach, has been adopted to calculate the electronic and optical properties. The ion-core interaction consists of two parts in this functional: one for the short-range (SR), and one for the long-range (LR). The exchange-correlation energy is expressed as
where c and m stand for the mixing coefficient and the screening parameter, respectively. The mixing exchange parameter of 0.20 and screening parameter of 0.2Å
À1 are adopted in all calculations. In addition, the more reliable tetrahedron method with Blochl correction 47 has been used to calculate the density of states (DOS) and projected density of states (PDOS).
Results and discussion

The pristine SnS 2 nanosheet
The pristine SnS 2 nanosheet structure is cut from the (001) surface of the optimized SnS 2 bulk structure. The 3 Â 3 Â 1 optimized supercell structure of the SnS 2 nanosheet is indicated in Fig. 1 . It possesses three atomic sublayers wherein the Sn atoms located in the center sublayer are bonded to the six nearest-neighboring S atoms which are located in the top and bottom sublayers. The optimized S-Sn distance is 2.582Å which is larger than that (2.560Å) in bulk SnS 2 , consistent with the previous theoretical and experimental results. [48] [49] [50] The DOS and PDOS of the pure SnS 2 nanosheet are presented in Fig. 2 . It has been found that the pure SnS 2 nanosheet is a non-magnetic semiconductor with a band gap of 2.24 eV. The PDOS analysis reveals that the valence band maximum (VBM) is mainly contributed to by S 3p states and the conduction band minimum (CBM) is dominated by the hybridization between S 3p and Sn 5s states. These calculated results agree well with the previous theoretical and experimental reports, [49] [50] [51] which indicates the suitability of our calculation methods.
Monodoped SnS 2 nanosheets
For the N monodoped SnS 2 nanosheet, the bond distance between the N atom and the nearest-neighboring Sn atom is 2.203Å, which is obviously shorter than the length of the S-Sn bonds in the pristine SnS 2 nanosheet. This is due to the stronger Coulomb interaction between the N and Sn atoms than that between the S and Sn atoms in the pure system, which can be demonstrated by the result of Bader charge analysis, showing that the charge transfer (1.02 eV) from Sn to N is larger than that (0.77 eV) from Sn to S in the pure system. For the P monodoped system, the bond length between the P atom and the nearestneighboring Sn atom is 2.617Å, which is close to that of the Sn-S bonds in the SnS 2 nanosheet but much larger than the distance of the N-Sn bonds in the N monodoped SnS 2 nanosheet, which may be explained by the small difference in the ionic radius between the P dopant and S atom. In order to investigate the effect of monodoping with N and P dopants on the characteristics of the electronic structure of the SnS 2 nanosheet, we have calculated the DOS and PDOS of monodoped systems, indicated in Fig. 3 . As shown in Fig. 3(a) , it can be seen that the VBM is mainly dominated by S 3p states while the CBM is mainly contributed to by the S 3p and Sn 5s states for the N monodoped SnS 2 nanosheet. Interestingly, there are no N 2p states near the VBM, which is different from the previous studies, such as with N doped-TiO 2 , 33 SrTiO 3 , 32 and ZrO 2 . 52 This is because the N 2p orbital energy is lower than the S 3p orbital energy. In addition, the impurity states close to the conduction band of the SnS 2 nanosheet are derived from the hybridization between the N 2p states and S 3p states. Here, we dene that the effective band gap is the energy difference between the impurity states and the VBM, which is calculated as 1.70 eV, which is good for the visible light absorption. However, the empty states in the band gap may trap the photoexcited carriers and promote electron-hole recombination, which is harmful for the photocatalytic reaction. The DOS and PDOS for the P doped system are displayed in Fig. 3(b) , indicating that such empty states appear above the Fermi level and that the impurity states are contributed to by P 3p and S 3p states.
Anion-anion codoped SnS 2 nanosheets
The DOS and PDOS for N-N(i), N-N(ii), N-P(i), N-P(ii), P-P(i), and P-P(ii) codoped SnS 2 nanosheets are displayed in Fig. 4(a) -(f). For the N-N(i) codoped case, the VBM is mainly contributed to by S 3p states with a little of the N 2p states, while the CBM is mainly composed of the S 3p and Sn 5s states. Some unoccupied impurity states are found to appear above the Fermi level, which is different from the previous reports, such as with N-N codoped TiO 2 , 33 SrTiO 3 , 32 and NaTaO 3 . 34 This is because the N-N coupling does not happen in this system. Furthermore, these impurity states may accelerate the recombination of photogenerated charge carriers and suppress the photocatalytic activity, 11, 30 indicating that the N-N(i) codoped system is not a promising candidate for visible light photocatalysis. For the case of N-N(ii) codoping, the VBM is mainly dominated by S 3p states and the CBM consists mainly of S 3p and Sn 5s states. It is clearly seen that some unlled impurity states which originate from the mixing of N 2p and S 3p states appear in the band gap, which indicates that N-N(ii) codoped SnS 2 nanosheets are not suitable for visible light photocatalysis. For the N-P(i) and N- P(ii) codoped systems, the DOS and PDOS for them are plotted in Fig. 4(c) and (d) , respectively, indicating that the VBMs for them are both mainly contributed to by S 3p states with a slight amount of N 2p states, while the CBMs are both mainly dominated by the S 3p and Sn 5s states. However, though the band gaps for N-P(i) and N-P(ii) codoped SnS 2 nanosheets are 1.78 eV and 1.90 eV, respectively, both codoped systems suffer from partially unoccupied states appearing above the Fermi level, which can increase electron-hole recombination and have a negative inuence on the photocatalytic activity. The characteristics of the DOS and PDOS of P-P(i) and P-P(ii) codoped systems are respectively presented in Fig. 4 (e) and (f). It is found that the VBMs of both systems are still mainly dominated by S 3p states, while the CBMs are both mainly contributed to by the mixtures between S 3p and Sn 5s states. The calculated band gaps of P-P(i) and P-P(ii) codoped SnS 2 nanosheets are 1.62 eV and 1.29 eV, respectively. Interestingly, there are no unoccupied impurity states in the band gaps of both systems, which should be attributed to the strong coupling between the P1 and P2 atoms. Due to the existence of one unpaired electron for the P1 and P2 atoms, when the two atoms are close to each other the unpaired 3p electrons of two P atoms hybridise with each other and form a bonding state and anti-bonding state. Therefore, the P-P(i) and P-P(ii) codoped SnS 2 nanosheets may be excellent candidates for visible light photocatalysis.
Defect formation energy
In order to search for the favorable synthetic conditions of doped SnS 2 nanosheets, the defect formation energy (E f ) has been determined by adopting the following equation 53, 54 
where E(D) and E(SnS 2 ) stand for the total energies of the doped and pure SnS 2 nanosheets, respectively, n i is the number of atoms removed (n i < 0) or added (n i > 0) to the pure system for the construction of doped SnS 2 nanosheets, while m i is the chemical potential of the corresponding atom and the value of m i depends on the synthetic environment. Under the conditions of equilibrium between the SnS 2 nanosheet and the reservoir of Sn and S atoms, the chemical potential of the constituent elements must follow the relation:
where m SnS 2 (monolayer) is the chemical potential of the SnS 2 monolayer, which is obtained from the total energy of the SnS 2 monolayer per unit cell. The chemical potential of Sn and S can not exceed that of the Sn bulk (m Sn(bulk) ) and S gas (m S(gas) ), thus the following relationships must be obeyed:
Moreover, in order to form the SnS 2 nanosheet spontaneously, the minima of m Sn and m S satisfy
where E(Sn n Sn 2n ), E(Sn nÀ1 Sn 2n ), and E(Sn n Sn 2nÀ1 ) are, respectively, the total energies of Sn n Sn 2n systems constructed by n primitive cells without and with Sn and S defects. In order to facilitate discussion, we set Dm Sn ¼ m Sn À m Sn(bulk) and Dm S ¼ m S À m S(gas) for this work. For dopants, we suppose that N 2 and P 4 molecules act as N and P reservoirs, respectively. The defect formation energies of doped SnS 2 nanosheets as a function of Dm S have been calculated, and are presented in Fig. 5 . In addition, the minimum defect formation energies of different doped systems are summarized in Table 1 . As shown in Fig. 5 , it can be seen that the defect formation energies of both the NMmonodoped and all the codoped systems increase monotonically with the increase of the chemical potential of S. It is energetically favorable to form N (P)-monodoped and all codoped SnS 2 nanosheets under an S-poor condition. This is because the vacancy which plays an indispensable role for alternative doping is easily formed under an S-poor growth condition. Moreover, the P-P codoped systems have lower defect formation energies than other codoped congurations, which indicates that P-P codoped SnS 2 nanosheets are feasible experimentally.
Here, in order to discuss the relative stability of codoped SnS 2 nanosheets with respect to the monodoped systems, we have also calculated the defect pair binding energies of codoped systems. The defect binding energies of N-N (E b (N + N)), N-P (E b (N + P)), and P-P (E b (P + P)) codoped SnS 2 nanosheets are calculated by adopting the following equations, respectively:
where E(pure), E(P), E(N), E(N + N), E(N + P), and E(P + P) are the total energies of pure, P monodoped, N monodoped, N-N codoped, N-P codoped, and P-P codoped systems with the same supercell, respectively. As shown in Table 1 , the defect binding energies of the N-P and P-P codoped systems are positive and that of the N-N codoped system is negative, which means that the N-P and P-P codoped systems are energetically favorable and the N-N codoped system is unfavorable in energy in comparison with the corresponding monodoped SnS 2 nanosheet. This is because of the strong Coulomb interaction between the dopants and the Sn atoms in the N-P and P-P codoped systems.
Band edge alignment
It is well known that an excellent photocatalyst should not only have an appropriate band gap, but also suitable band edge positions, i.e. the water reduction level and oxidation level must lie between the CB edge and VB edge so that both the hydrogen evolution reaction and oxygen evolution reaction become thermodynamically allowed. On the basis of the band edge positions, some photocatalysts are suitable for only hydrogen evolution and some photocatalysts are good for only oxygen evolution, which is called the Z-scheme photocatalysis system. Here, we have considered the situation of the standard water reduction level (À4.44 eV) and oxidation level (À5.67 eV) with respect to the vacuum level. 55 A large vacuum space has been used to calculate the absolute position of the band edge for quantitatively comparing with the water redox potentials. As the calculated vacuum level (by averaging the LOCPOT le along the specied plane from VASP) is a relative value, we have shied the energy value of the CBM (VBM) for each system by subtracting this value to obtain the absolute band edge position.
The calculated positions of the CBM and VBM of the pure and doped SnS 2 nanosheets with respect to the standard hydrogen electrode potentials are indicated in Fig. 6 . For the doped systems, the P-P(i) and P-P(ii) codoped SnS 2 nanosheets have been considered in this work, as these cases result in signicant reductions of the band gaps without introducing impurity states above the Fermi level. Apparently, the VBM of the pure SnS 2 nanosheet is below the oxidation potential of H 2 O/O 2 , while the CBM is also lower than the reduction potential of H + /H 2 , which indicates that the pure SnS 2 nanosheet is suitable for only oxygen production but not for hydrogen production, in good agreement with the previous theoretical reports. 20, 56, 57 For the P-P(ii) codoped system, the VBM lies across the oxidation level of water and the CBM is below the reduction level of water, indicating that it is not benecial for hydrogen production. However, this system may be considered as a Z-scheme type photocatalyst for oxygen production. For the P-P(i) codoped SnS 2 nanosheet, the VBM is more negative than the water oxidation level and the CBM is higher than the water reduction level, which shows that this system is favorable for both the photo-reduction and photooxidation of water. Thus, the P-P(i) codoped SnS 2 nanosheet is expected to be a promising candidate for hydrogen evolution from overall water splitting under visible light radiation.
Optical properties
Optical properties play a critical role in evaluating the performance of photocatalysts in the visible light region. Thus, we have further investigated the optical absorption spectra of the P-P(i) codoped and pure SnS 2 nanosheets. The P-P(i) codoped system has been considered, as it has a suitable band gap without introducing impurity states above the Fermi level and band edge positions. The absorption coefficient a(u) satises the following relation
where 3 1 (u) is the real part which is obtained using the Kramers-Kronig transformation, and 3 2 (u) is the imaginary part which has been calculated by summing over a large amount of empty states. Fig. 7 displays the calculated absorption coefficient of pure and codoped SnS 2 nanosheets. It indicates that the P-P(i) codoped SnS 2 nanosheet can harvest a longer wavelength of the visible light spectrum compared to the pure SnS 2 nanosheet for visible light photocatalysis, which can be attributed to the reasonable band gap reduction.
Effect of concentration
In order to investigate the effect of the doping concentration on the band gap, the electronic structure of the P-P(i) codoped SnS 2 nanosheet has been calculated by using a larger 4 Â 4 Â 1 supercell containing a total of 48 atoms, as this conguration has an appropriate band edge position and a suitable band gap without introducing impurity states above the Fermi level. The concentration of dopant corresponds to 4.17 at%. For the sake of discussion, we refer to it as P-P(I) in this work. The calculated minimum defect formation energy for the P-P(I) codoped system is 2.04 eV, which is the same as that of the P-P(i) codoped SnS 2 nanosheet. This indicates that the defect formation energy is hardly affected by the increase of the supercell size. The calculated DOS and PDOS of the P-P(I) codoped SnS 2 nanosheet is presented in Fig. 8 , which shows that the VBM is mainly dominated by S 3p states and the CBM is mainly composed of S 3p and Sn 5s states. The calculated band gap of this system is 1.68 eV. As shown in Fig. 6 , the water reduction level and oxidation level lie between the CBM and VBM of the P-P(I) codoped SnS 2 nanosheet, manifesting that this system is favorable for water splitting. On the other hand, the calculated absorption curve of the P-P(I) codoped system is shown in Fig. 7 , which displays that an absorption shi towards the Fig. 6 The calculated VBM and CBM positions of pure and codoped SnS 2 nanosheets with respect to the water redox potentials. Fig. 7 The optical absorption spectra of pure and codoped SnS 2 nanosheets.
visible region is quite signicant even at a lower concentration of dopant element.
Conclusion
We have employed hybrid density functional calculations to systematically investigate the electronic structures of anionic monodoped (N and P) and codoped (N-N, N-P, and P-P) SnS 2 nanosheets for the design of efficient water redox photocatalysts. The calculated results show that the defect formation energies of both the anionic monodoped and all the codoped systems decrease monotonically with the decrease of the chemical potential of S. The P-P codoped SnS 2 nanosheets are not only more favorable than other codoped systems under an S-poor condition, but they also have a reduced band gap without introducing unoccupied impurity states above the Fermi level. Though the P-P(ii) codoped system gives a band gap reduction, this system is only suitable for oxygen evolution and not for hydrogen evolution, and thus it may serve as a Z-scheme photocatalyst for water splitting. The P-P(i) codoped system may be a potential candidate for photocatalytic water splitting to generate hydrogen because of the appropriate band gap and band edge positions, which overcome the disadvantage that the pure SnS 2 nanosheet is not benecial for hydrogen production. More importantly, the result of the optical absorption spectral analysis shows that the P-P(i) codoped SnS 2 nanosheet absorbs a longer wavelength of the visible light spectrum as compared to the pristine SnS 2 nanosheet. The P-P(I) codoped system has an absorption shi toward the visible region even at a lower doping concentration.
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